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A B S T R A C T   

The adsorption of aromatic molecules on graphene is essential for many applications. This study addresses the 
issues associated with predicting accurate binding energies between graphene and benzene using a series of 
increasingly larger nanographene (C24H12, C54H18, C96H24, C150H30, and C216H36). For this purpose, we consider 
several DFT methods developed for accurately predicting noncovalent interactions, namely, PBE0-D4, ωB97X- 
D4, PW6B95-D4, and MN15. The C150H30 and C216H36 nanographene predict binding energies converged to sub- 
kJ mol− 1 with respect to the size of the nanographene. For the largest C216H36 nanographene, we obtain binding 
energies of − 37.9 (MN15), − 39.7 (ωB97X-D4), − 40.7 (PW6B95-D4), and − 49.1 (PBE0-D4) kJ mol− 1. Averaging 
these values, we obtain ΔEe,bind = − 41.8 ± 8.6 kJ mol− 1, which translates to ΔH0,bind = − 41.0 ± 8.6 kJ mol− 1. 
This theoretical binding energy agrees with the experimental value of − 48.2 ± 7.7 kJ/mol within overlapping 
uncertainties.   

1. Introduction 

The adsorption of aromatic molecules on single-layer graphene via 
π-π interactions has attracted significant attention in recent years. Such 
adsorption processes are essential for a wide range of potential appli
cations of graphene in nanobiomedicine, lubrication, molecular sensing, 
and molecular separation [1,2,3,4,5,6,7,8]. A fundamental quantity of 
importance to all these processes is the interaction energy between 
graphene and aromatic molecules [9,10]. Over the past two decades, 
significant effort has been dedicated to calculating the π–π interaction 
energy between graphene and the archetypal aromatic hydrocarbon 
benzene [11,12,13,14,15,16,17,18,19,20,21,22]. Chakarova-Käck et al. 
used the vdw-DF [23] dispersion corrected density functional theory 
(DFT) method and obtained binding energy of − 47.8 kJ mol− 1 between 
benzene and graphene [11]. Björk et al. calculated the binding energies 
between graphene and a wide range of aromatic and antiaromatic 
molecules.[12] For benzene, they obtained binding energies of − 46.8 
and − 55.5 kJ mol− 1 using the vdw-DF and Tkatchenko–Scheffler [24] 
dispersion corrected DFT methods. Ershova et al. obtained binding en
ergy of − 45.3 kJ mol− 1 at the ωB97X-D/6-31G* level of theory, where 
graphene was modeled using a large hydrogen capped nanographene 
consisting of 116 carbon atoms.[13] Wangmo et al. calculated lower 
binding energy of − 42.7 kJ mol− 1 using density-functional tight-binding 
(DFTB) [14]. However, Kozlov et al. reported a substantially higher 

binding energy of 78.7 kJ mol− 1 at the PBE-D level of theory [15]. 
Berland and Hyldgaard used several dispersion corrected DFT ap
proaches and obtained binding energies ranging between − 32.8 and 
− 63.7 kJ mol− 1 [16]. Lechner and Sax used a nanographene consisting 
of 90 carbon atoms to estimate the benzene•••graphene binding energy 
to be − 44.0 kJ mol− 1 at the B3LYP-D2/Def2-SVP level of theory [17]. 
The same authors also reported a slightly lower binding energy of − 42.0 
kJ mol− 1 obtained from dispersion-corrected DFTB calculations [18]. 

Recently, Zhang et al. used atomic force microscope measurements 
to elucidate the mechanism by which a single phenyl ring is desorbed 
from graphene [19,20]. They found that the desorption process com
prises of two steps (i) the phenyl ring rotates from a parallel to a vertical 
orientation relative to the graphene plane, and (ii) the phenyl ring 
moves upwards in a perpendicular orientation until it dissociates. An 
experimental binding energy between benzene and graphene can be 
estimated from thermal desorption spectroscopy of benzene from the 
basal plane of highly oriented pyrolytic graphite (HOPG) at ultra-high 
vacuum [21]. These experiments result in a binding energy of − 48.2 
± 7.7 kJ mol− 1 for benzene on graphite and give a point of reference for 
the benzene•••graphene system. We note that a similar binding energy 
of − 46.4 kJ mol− 1 was obtained in an earlier experimental study for the 
benzene/graphite system [22]. Three issues that complicate a compar
ison between the experimental and theoretical binding energies are (i) 
the use of HOPG rather than single-layer graphene in the experiments, 
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(ii) the potential presence of defects in HOPG which may affect the 
binding energy with benzene, and (iii) the relatively large uncertainty of 
7.7 kJ mol− 1 associated with the more recent experimental binding 
energy. 

The above computational predictions for the binding energy between 
a single benzene molecule and graphene spread over a wide range, i.e., 
the calculated binding energies range from about − 30 to − 80 kJ mol− 1. 
Thus, it is of interest to determine this binding energy using (i) the 
recently developed DFT-D4 dispersion model with DFT methods from 
the upper rungs of Jacob’s Ladder, (ii) sufficiently large basis sets with 
basis-set superposition error corrections, and (iii) sufficiently large 
nanographene models. In the present work, we set out to calculate the 
binding energy between nanographene and a single benzene molecule 
adsorbed parallel to the nanographene plane. To obtain reliable binding 
energies, we use four different dispersion corrected DFT methods from 
the upper rungs of Jacob’s Ladder. Namely, the global hybrid general
ized gradient approximation (GGA) PBE0-D4 [25,26], range-separated 
hybrid ωB97X-D4, [27] hybrid-meta GGA PW6B95-D4 [28], and 
hybrid-meta nonseparable gradient approximation (NGA) MN15 [29]. 
The PBE0, ωB97X, and PW6B95 functionals are used in conjunction with 
the recently developed density and charge-dependent D4 dispersion 
correction [30,31]. Whereas the MN15 hybrid-meta NGA method in
corporates dispersion interactions into the parametrization of the 
functional. The selected exchange–correlation functionals have been 
extensively benchmarked and found to be robust for dispersion in
teractions in related systems [29,30,31,32,33,34,35,36,37,38]. In 
particular, it is worth mentioning that PW6B95-D3 and ωB97X-D3 were 
found to be the best performing functionals for the large supramolecular 
complexes in the S30L database, including π–π stacking, CH–π, and 
nonpolar dispersion interactions [39]. Another goal of this work is to 
assess the convergence of the binding energy between benzene and 
nanographene with respect to the size of the nanographene. For this 
purpose, we consider a systematic set of increasingly larger nano
graphenes: C24H12 (coronene), C54H18 (circumcoronene), C96H24 (cir
cumcircumcoronene), C150H30, and C216H36. We find that converging 
the interaction energy to the kJ mol− 1 level requires a nanographene 
with at least 96 carbon atoms. 

2. Computational details 

The geometries of all structures were fully optimized without con
straints at the PBE0-D3(BJ)/6-31G(d) level of theory, where empirical 
D3 dispersion corrections [40] are included using the Becke–Johnson 
[41] damping potential (denoted by the suffix D3(BJ)). Harmonic 
vibrational frequencies were obtained at the same level of theory and all 
the monomers and dimers were verified to be equilibrium structures (i. 
e., have all real harmonic frequencies). 

In order to obtain accurate binding energies between nanographene 
and benzene, single-point energy calculations were carried out using 
two hybrid GGA methods PBE0-D4 and ωB97X-D4 [25,26,27], and two 
hybrid-meta GGA/NGA methods PW6B95-D4 and MN15 [28,29,30]. 
The single-point energy calculations were carried out in conjunction 
with the Def2-TZVP basis set [42]. Basis set superposition error (BSSE) 
corrections were included using the Boys–Bernardi counterpoise method 
[43]. As shown in Refs. [44,45], unless basis sets that are sufficiently 
close to the one-particle basis set limit are used, the average of the raw 
and counterpoise-corrected interaction energies yield the fastest basis 
set convergence. The binding energies reported in the main text are 
calculated using this procedure in conjunction with the Def2-TZVP basis 
set (denoted by Def2-TZVP-half-CP). The binding energies calculated 
with the full BSSE correction (denoted by Def2-TZVP-full-CP) are given 
in Table S1 of the Supporting Information. We note that the differences 
between the Def2-TZVP-half-CP and Def2-TZVP-full-CP binding en
ergies are below 1 kJ mol− 1 for PBE0-D4, ωB97X-D4, and PW6B95-D4 
methods, and bellow 2 kJ mol− 1 for MN15 (for further details see 
Table S2 of the Supporting Information). All geometry optimizations, 

frequency, and single-point energy calculations were carried out using 
the Gaussian 16 program suite.[46] 

3. Results and discussion 

Nanographene models. Nanographenes are fragments of graphene 
with diameters bigger than 1 nm. Nanographenes are often used as 
models of graphene in quantum chemical simulations 
[5,13,17,38,47,48,49,50,51,52,53,54,55,56,57]. This approach allows 
for the use of more advanced and accurate electronic structure methods 
than those available (or computationally affordable) in periodic 
boundary conditions simulations, which are often limited to dispersion- 
corrected GGA methods. So far, most computational investigations that 
use DFT methods from the last rungs of Jacob’s Ladder (e.g., hybrid 
GGA, hybrid-meta GGA, and double-hybrid DFT methods) 
[5,13,17,47,48,49,50,51,52,54] considered nanographenes with up to 
~100 carbon atoms (e.g., circumcircumcoronene C96H24). Here we 
consider a systematic set of increasingly larger nanographenes with up 
to 216 carbon atoms. Fig. 1 shows the nanographene models considered 
in the present work. We use this systematic set to evaluate the limita
tions of smaller nanographene models in predicting the binding energy 
with benzene. The largest nanographene we consider (C216H36) has a 
diameter of 27.1 Å, which is about an order of magnitude larger than the 
diameter of benzene (2.78 Å). 

DFT methods. In the present work, we fully optimize the geometries 
and calculate the harmonic vibrational frequencies with a PBE0-D3(BJ) 
hybrid GGA method [25,26,35]. The binding energies between the 
nanographene and benzene are refined using two hybrid GGA (PBE0-D4 
and ωB97X-D4) and two hybrid-meta GGA/NGA (PW6B95-D4 and 
MN15) methods. These methods have been developed to reproduce 
reliable thermochemical and kinetic properties and non-covalent in
teractions and include varying degrees of exact Hartree–Fock exchange 
admixtures. In particular, 25% (PBE0-D4), 28% (PW6B95-D4), and 44% 
(MN15). The ωB97X-D4 range-separated functional employs 100% 
exact exchange for long-range and 16% for short-range interactions. In 
addition, dispersion interactions are taken into account via two different 
approaches. MN15 incorporates dispersion interactions into the 
parametrization of the functional, while the DFT-D4 correction depends 
on dynamic atomic polarizabilities and electronic density information 
obtained via atomic partial charges. Importantly, the selected exchan
ge–correlation functionals also cover the gamut from functionals that 
are nonempirical (PBE0), lightly/moderately empirical (PW6B95 and 
ωB97X), and heavily empirical (MN15). 

Nanographene models. Fig. 2 depicts the optimized benze
ne•••nanographene complexes (nanographene = C24H12, C54H18, 
C96H24, C150H30, and C216H36). In the present work, we consider the 
complexes in which one of the benzene carbon atoms is situated directly 
above the center of the hexagonal nanographene (Fig. 2). Previous 
theoretical investigations found that this is the most energetically stable 
configuration [15,52]. Let us begin by analyzing the intermolecular 
distances in these parallel-displaced complexes. The intermolecular 
separation is defined here as the distance between the plane of the 
carbon skeleton of the benzene ring and the nanographene carbon atom 
positioned directly under the center of the benzene ring. Inspection of 
the intermolecular distances in Fig. 2 reveals that the intermolecular 
separation becomes shorter by as much as 0.056 Å when increasing the 
size of the nanographene from C24H12 to C54H18. However, further in
crease in the size of the nanographene has practically no effect on the 
intermolecular separation. It is also interesting to note that as we move 
to larger benzene•••nanographene complexes, the interaction between 
the benzene ring and the nanographene creates a dip in the nano
graphene. For example, in the C6H6•••C216H36 complex, the distance 
between the plane defined by the rim carbons of the nanographene and 
the plane of the central benzene ring of the nanographene is 0.316 Å. 

Table 1 lists the PBE0-D4, ωB97X-D4, PW6B95-D4, and MN15 
binding energies for the benzene•••nanographene complexes in Fig. 2 
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(nanographene = C24H12, C54H18, C96H24, C150H30, and C216H36). The 
binding energies are also plotted in Fig. 3. It is instructive to examine the 
convergence of the binding energies with respect to the size of the 
nanographene. We begin by noting that the PW6B95-D4/Def2-TZVP- 
half-CP binding energy for the parallel-displaced benzene dimer 
(− 11.5 kJ mol− 1) is in excellent agreement with the recent high-level 
binding energy calculated at the CCSDT(Q)/CBS level of theory of 
− 10.7 kJ mol− 1 [58], CCSDT(Q)/CBS denotes coupled-cluster with 
singles, doubles, triples, and quasi-perturbative quadruple excitations 
method at the complete basis set limit [59]. The other functionals result 
in a larger overestimation of the CCSDT(Q)/CBS binding energy. 

Namely, we obtain binding energies of − 12.3 (ωB97X-D4), − 12.7 
(PBE0-D4), and − 13.7 (MN15) kJ mol− 1. 

For the benzene•••C24H12 complex, we obtain binding energies 
ranging between − 30.8 (ωB97X-D4) and − 36.1 (PBE0-D4) kJ mol− 1. 
These binding energies are nearly three times higher than that for the 

Fig. 1. Optimized structures of the nanographene models considered in this work. The diameter of the carbon skeleton is given in Å (shown for the 
C216H36 structure). 

Fig. 2. Top and side views of the optimized structures of the benzene•••nanographene complexes considered in this work. The distance between the plane of the 
benzene ring and the nanographene is given in Å. The PW6B95-D4/Def2-TZVP-half-CP electronic binding energies are given in parentheses in kJ mol− 1. 

Table 1 
Electronic binding energies (ΔEe,bind) for the benzene•••nanographene com
plexes in Fig. 2, calculated in conjunction with the Def2-TZVP basis set with a 
half-counterpoise BSSE correction (Def2-TZVP-half-CP, in kJ mol− 1).  

Nanographene PBE0-D4 ωB97X-D4 PW6B95-D4 MN15 

C24H12 − 36.1 − 30.8 − 31.7 − 34.2 
C54H18 − 45.4 − 37.2 − 37.6 − 37.7 
C96H24 − 47.7 − 39.2 − 39.4 − 38.0 
C150H30 − 48.8 − 39.4 − 40.4 − 38.0 
C216H36 − 49.1 − 39.7 − 40.7 − 37.9  

Fig. 3. Electronic binding energies (ΔEe,bind) for the benzene•••nanographene 
complexes in Fig. 2 calculated in conjunction with the Def2-TZVP basis set with 
a half-counterpoise BSSE correction (in kJ mol− 1). 
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benzene parallel-displaced dimer; however, they are far from being 
converged with respect to the size of the nanographene. In particular, for 
the PBE0-D4, ωB97X-D4, and PW6B95-D4 functionals, the benze
ne•••C24H12 binding energies underestimate those for the benze
ne•••C216H36 dimer by 9–13 kJ mol− 1 (Table 1 and Fig. 3). 
Interestingly, the convergence of the binding energy with respect to the 
size of the nanographene is faster for the MN15 functional. The differ
ence between the benzene•••C24H12 and benzene•••C216H36 binding 
energies is 3.7 kJ mol− 1 for the MN15 functional. 

Increasing the size of the nanographene from C24H12 to C54H18 re
sults in significant increases in the binding energies by 9.3 (PBE0-D4), 
6.4 (ωB97X-D4), 5.9 (PW6B95-D4), and 3.5 (MN15) kJ mol− 1. These 
significant increases in the binding energies are not surprising given that 
in the benzene•••C24H12 complex, the benzene ring is not entirely sur
rounded by the π-system of the underlying nanographene as shown in 
the top view representation in Fig. 2. In the benzene•••C54H12 complex, 
on the other hand, the benzene ring is entirely surrounded by the 
π-system of the underlying nanographene (Fig. 2). Nevertheless, for the 
PBE0-D4, ωB97X-D4, and PW6B95-D4 functionals, the binding energies 
predicted by the C54H12 model system still underestimate those pre
dicted by the most extensive C216H36 model system by 2–4 kJ mol− 1 

(Table 1 and Fig. 3). Thus, while the C54H24 nanographene provides a 
useful estimation of the binding energy, it is deemed not sufficiently 
large for obtaining a reliable binding energy with benzene. As noted 
above, the MN15 binding energies exhibit faster convergence with 
respect to the size of the nanographene. As a result, the binding energies 
obtained for the C54H18 and the larger nanographene (C96H24, C150H30, 
and C216H36) are practically unchanged (Table 1 and Fig. 3). This result 
could indicate that MN15 underestimates long-range dispersion in
teractions in the larger nanographene models. 

The C96H24 nanographene is the smallest model system that provides 
a chemically accurate prediction of the binding energy with benzene in 
the ~1 kJ mol− 1 range. In particular, the binding energy for the ben
zene•••C96H24 dimer underestimates that for the benzene•••C216H36 
dimer by 1.4 (PBE0-D4) and 1.2 (PW6B95-D4) kJ mol− 1. For the ωB97X- 
D4 and MN15 functionals the binding energy for C96H24 is practically 
converged with respect to the size of the nanographene (Table 1). 

We note that the above underestimations of just over 1 kJ mol− 1 

obtained for the PBE0-D4 and PW6B95-D4 functionals still amount to ~ 
3% of the binding energy. Thus, a larger nanographene is still needed for 
reducing the error due to the size of the nanographene to below 1%. The 
binding energies obtained with the C150H30 nanographene are all 
0.1–0.3 kJ mol− 1 from those obtained with the C216H36 nanographene. 
These deviations are smaller than 1% of the binding energy and indicate 
that the binding energy of the benzene•••C216H36 complex is fully 
converged with respect to the size of the nanographene (i.e., moving to 
an even larger nanographene would not result in any significant 
change). 

The above results also show that the convergence rate with respect to 
the size of the nanographene differs between the selected DFT func
tionals, with MN15 and PBE0-D4 representing limit cases of faster and 
slower convergence behavior, respectively, and ωB97X-D4 and 
PW6B95-D4 exhibit in-between convergence rates (Fig. 3). We expect 
these limit cases to be representative of a wider range of functionals 
since the chosen set of functionals is relatively diverse and includes 
range-separated hybrid, global hybrid, hybrid-meta, nonempirical, 
lightly empirical, and heavily empirical DFT methods. 

Best binding energies between benzene and nanographene. For 
the largest nanographene (benzene•••C216H36) we obtain electronic 
binding energies of ΔEe,bind = − 37.9 (MN15), − 39.7 (ωB97X-D4), − 40.7 
(PW6B95-D4), and − 49.1 (PBE0-D4) kJ mol− 1. Averaging between all 
values, we obtain ΔEe,bind = − 41.8 ± 8.6 kJ mol− 1, to which we attach a 
conservative uncertainty taken as twice the standard deviation. We can 
convert the above electronic binding energy to a binding energy at 0 K 
using the zero-point vibrational energies (ZPVEs) calculated within the 
rigid rotor-harmonic oscillator approximation at the PBE0-D3BJ/6-31G 

(d) level of theory. Scaling the harmonic ZPVEs by 0.9733 as recom
mended in Ref. [60] results in a binding energy at 0 K of ΔH0,bind =

− 41.0 ± 8.6 kJ mol− 1. An experimental bonding energy between ben
zene and the basal plane of highly oriented pyrolytic graphite has been 
obtained from thermal desorption spectroscopy. These experiments 
result in binding energies of − 48.2 ± 7.7 and − 46.4 kJ mol− 1.[21,22] 
An uncertainty has not been reported for the later value, however, this 
experimental determination was obtained over 50 years ago and is likely 
to carry an uncertainty larger than the one assigned to the more recent 
experimental value. Thus, our best theoretical value of ΔH0,bind = − 41.0 
± 8.6 kJ mol− 1 agrees with the experimental values to within over
lapping uncertainties. 

4. Conclusions 

We address the issues associated with predicting an accurate binding 
energy between graphene and benzene from DFT-D4 calculations using 
a series of increasingly larger nanographenes (C24H12, C54H18, C96H24, 
C150H30, and C216H36). We consider four dispersion-corrected DFT 
methods from the upper rungs of Jacob’s Ladder that were developed for 
accurate prediction of noncovalent interactions. Specifically, the global 
hybrid PBE0-D4, range-separated hybrid ωB97X-D4, and hybrid-meta 
GGA/NGA methods PW6B95-D4 and MN15. These methods include 
varying degrees of global and range-separated exact Hartree–Fock ex
change. With regard to the convergence of the binding energy with 
respect to the size of the nanographene, we draw the following 
conclusions: 

• The C24H12 nanographene underestimates the binding energies ob
tained for the largest C216H36 nanographene by large amounts of up 
to 13.0 kJ mol− 1 and should not be used as a model for 
nanographene. 

• The C54H18 nanographene still underestimates the best binding en
ergies by chemically significant amounts of up to 3.7 kJ mol− 1. 

• The C96H24 model is the smallest nanographene that gives chemi
cally accurate binding energies with benzene relative to the largest 
C216H36 nanographene. For all DFT methods, the deviations between 
the two nanographene model systems are below 1.4 kJ mol− 1.  

• The C150H30 nanographene results in binding energies that are 
practically indistinguishable from those obtained for the C216H36 
nanographene, with deviations smaller than 0.3 kJ mol− 1 for all DFT 
methods.  

• The rate of convergence with respect to the size of the nanographene 
varies between the considered DFT methods, with MN15 and PBE0- 
D4 representing limit cases of faster and slower convergence rates, 
respectively. 

In terms of the best theoretical binding energy, we offer the following 
conclusions: 

• The electronic binding energies for the most extensive benze
ne•••C216H36 model system are ΔEe,bind = − 37.9 (MN15), − 39.7 
(ωB97X-D4), − 40.7 (PW6B95-D4), and − 49.1 (PBE0-D4) kJ mol− 1.  

• Averaging between the above values, we obtain ΔEe,bind = − 41.8 ±
8.6 kJ mol− 1, to which we attach a conservative uncertainty taken as 
twice the standard deviation.  

• The theoretical binding energy at 0 K (ΔH0,bind = − 41.0 ± 8.6 kJ 
mol− 1) agrees with the experimental value of − 48.2 ± 7.7 kJ mol− 1 

within overlapping uncertainties. 
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Appendix A. Supplementary material 

Def2-TZVP-full-CP electronic binding energies for PBE0-D4, ωB97X- 
D4, PW6B95-D4, and MN15 (Table S1); the difference between the Def2- 
TZVP-half-CP and Def2-TZVP-full-CP electronic binding energies for 
PBE0-D4, ωB97X-D4, PW6B95-D4, and MN15 (Table S2); PBE0-D3(BJ)/ 
6-31G(d) optimized structures for all the monomers and dimers 
considered in the present work (Table S3); harmonic frequencies for all 
the monomers and dimers considered in the present work (Table S4). 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemphys.2022.111606. 
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[11] S.D. Chakarova-Käck, E. Schröder, B.I. Lundqvist, D.C. Langreth, Application of 
van der Waals density functional to an extended system: adsorption of benzene and 
naphthalene on graphite, Phys. Rev. Lett. 96 (2006) 146107. 

[12] J. Björk, F. Hanke, C.A. Palma, P. Samori, M. Cecchini, M. Persson, Adsorption of 
aromatic and anti-aromatic systems on graphene through π-π stacking, J. Phys. 
Chem. Lett. 1 (2010) 3407. 

[13] O.V. Ershova, T.C. Lillestolen, E. Bichoutskaia, Study of polycyclic aromatic 
hydrocarbons adsorbed on graphene using density functional theory with empirical 
dispersion correction, Phys. Chem. Chem. Phys. 12 (2010) 6483. 

[14] S. Wangmo, R. Song, L. Wang, W. Jin, D. Ding, Z. Wang, R.Q. Zhang, Strong 
interactions and charge transfers between a charged phenyl molecule and 
multilayer graphenes, J. Mater. Chem. 22 (2012) 23380. 
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